Electroosmotic dewatering of water treatment process sludge, in which a relatively high specific resistance causes difficulties with regard to water removal, is described. The dewatering can be both accelerated and made economically more attractive by additives which increase the absolute value of the [ potential but do not lead to stable suspensions. An increase in [ potential means an increase in electroosmotic water transport; simultaneously electric charges on the filter repel particles with electrical charges of the same sign, which causes a decrease in the clogging of the filtration material. Best results show an increase in final dry solid content from 4% (by weight) by pressure filtration only, to 16% (by weight) by a combination of electroosmosis with pressure filtration.
Introduction
Industrialized societies at present face a problem of increasing importance: disposal of sludges. These originate during water treatment (e.g. when making surface water fit for drinking water), on treatment of sewage, or on dredging harbours.
The problem is becoming urgent because of three cooperative effects: the increasing quantities of contaminated sludge, the more stringent environmental legislation and the decreasing availability of disposal sites. Most sludges are contaminated by either organic components or by heavy metals to such a degree that the job of finding disposal sites for them is not an easy one.
One of the key problems in handling the sludges is the reduction of water content. Even a sludge which does not cause any possible toxic problems has to be dewatered before disposal. Treatment of sludge to remove contaminants (e.g. arsenic removal), or sludge treatment for beneficial application requires reduction of the water content. Most processes involved in recycling solid materials from sludges, for example by melting them into a glass or processing them into a ceramic brick, start by drying the sludge; a high water content makes this step expensive because of the large enthalpy of evaporation of water. However, frequently separation of solids in sludges from water is not easy to perform in an economically feasible way: filtration sometimes does not lead to solids contents higher than about 4% (by weight), especially when the sludge contains large quantities of materials such as algae or aluminium hydroxide floes.
In addition, removal of part of the water may be required for the handling of sludges. Thus, a typical sludge is obtained when making drinking water from surface water by adding polyaluminium SSDI 0927-7757(94)02741-A P.J. Buijs et al.,'Colloids Suifkrs A: Phy.sicoc,hem Eng. Aspects 85 (1994) 
Apparatus
The i-potential measurements were performed with a MATEC ESA 8000 apparatus (measuring electrosonic amplitude (ESA). i.e. the amplitude of the sonic signal resulting from movement of a charged particle and its counterion atmosphere in an alternating electrical field). In contrast with electrophoresis, this method can be applied in concentrated suspensions; however, the interpretation of the signal is complicated by the influence of particle size and by mutual interaction between the particles [ 111. In the present case this proved to be an advantage because the change in average particle size by coagulation was traced in the ESA signal. An important advantage of this method is that [ measurements can be performed during titration.
Methods
The occurrence of coagulation on polymer addition was followed by measuring (a steel plate (acting as cathode) beneath the filter belt, and using a stainless steel pressure plate (isolated from the frame of the thickener) at the topside of the sludge, acting as an anode.
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Results and discussion
Influence of conditions by polyelectrolyte addition Figure 3 shows the effect of the addition of 0.1% (by weight) polyelectrolyte 1 on the electrosonic amplitude of a 10% (by weight) suspension of sludge "WRK", at different stirring speeds of the stirrer. It is seen that the stirring speed greatly influences the ESA. The simplest curve is obtained during high speed stirring: the result is similar to the one obtained on addition of a surfactant (e.g. sodium dodecylbenzenesulphonate).
The ESA acquires larger values which are interpreted as due to an increase in l[l values. Separate measurements showed that the particles in the original sludge had a negative i potential, varying between -10 and -18 mV measured by electrophoresis, while this sludge was stable against coagulation.
The curve therefore indicates that adsorption of the polyanions of the polyelectrolyte on the particles does not decrease the l<l values but on the contrary increases them. With lower stirring speeds, however, the ESA showed a more complicated course, indicating lowering of the ESA at a certain polymer concentration.
Since decrease Fig. 3 . Electrokinetic sonic amplitude vs. polyelectrolyte concentration at different stirrer speeds ("WRK" sludge with polyl ):
n , 100 rev min-'; A, 250 rev min-'; 0, 500 rev min-'.
of the absolute value of [ potential by addition of polyelectrolyte in the present case is unlikely in view of the data at higher stirring speeds, this decrease in ESA is explained best by an increase of the effective particle size through coagulation. 
Batchwise electroosmotic dewatering
A typical experiment is shown in Fig. 6 . The switching on of an electrical current is seen to lead to a pronounced increase in water extraction rate. Figure 7 shows the influence of pressure difference and electrical potential difference between the electrodes on the final dry solid content of WRK sludge. It is seen that although the final dry solid increases with increasing potential difference between the electrodes, a potential difference of 20 V suffices for obtaining the main effect. The electrical work per kilogram of removed water is shown in Fig. 8 . It is seen that this is not dependent on the applied pressure, and that an increase in applied voltage results in a larger energy consumption. Nevertheless, because of the more rapid attainment of the dry solid content mentioned, for part of the experiments in Table 1 , the use of a higher voltage may be advantageous from a practical point of view.
It should be noted that during dewatering the electrode distance decreases, leading (under the conditions of constant voltage difference between the electrodes) to an increasing field strength during the electroosmosis. Figures 9 and 10 show the influence of initial electrode distance at different applied voltages on final dry solid content and energy consumption per kilogram withdrawn water respectively.
A smaller electrode distance is an advantage in both cases; it will, however, lead to a decreased capacity and thus to higher investment costs. 
Continuous electroosmosis Experiments with the pilot scale press
Using the pilot scale press, experiments were performed on WOT sludge without pretreatment (flotation sludge of 1.5% by weight) and on WOT sludge preconditioned with 2 kg poly2 per tonne dry solid and dewatered on the WOT gravity belt thickener. Table 2 shows some results relating to WOT sludge treated by poly2 at this level. For comparison with other dewatering methods, the electrical energy consumption has been expressed in this case in kilowatt hours per tonne sludge.
An advantageous effect found is that the filter belt is much less likely to become clogged by the deposited solids when an electric field was applied. This is illustrated in Fig. 11 . Apparently the contact between the cathode and the solid particles is impeded by the equality of sign of their respective electric charges; in other words the particles are repelled by the cathode. The decrease in filter clogging can also be ascribed to a reconstruction of the floe structure in the vicinity of the electrodes. This might be caused on the one hand by the rupture of the floes by the pressure plate and on the other hand by the changed aqueous phase (the filtrate had a pH of about 11, indicating that electrode processes at the cathode definitely change the conditions in the aqueous phase). 
Large-scale experiments
These were performed with the WOT sludge. The sludge was preconditioned by poly2 (2.5 kg per tonne dry solid). The mixing intensity of polymer and sludge was increased up to a point where compact floes were formed. The dry solid content reached after treatment in the filter belt thickener without an electrical field was increased from 4.5% to 7% (by weight) by the application of a pressure plate. When applying an electrical potential of 30 V, using the pressure plate as anode. the dry solid content increased steeply to about 14% (by weight).
Another effect that was observed (albeit not Increasing Ill values leads to a larger driving force for electroosmosis, and to protection of the electrodes against coverage by solid particles. Both effects act favourably on dewatering.
However, too large l[l values impair the dewatering. This can be ascribed to counteracting coagulation and to formation of a dense filter cake.
Conclusions
Polymers can cause bridging coagulation in a stable suspension in spite of increasing the absolute values of the < potential. This makes it possible to increase the efficiency of electroosmotic dewatering, without leading to compact filter cakes or blocking of filters, by a higher driving force for electroosmosis and a larger repulsion between the negatively charged sludge particles and the negatively charged dewatering electrode.
Electroosmotic dewatering on commercial sludges can be performed, both on pilot plant scale and on real process scale. Energy consumptions in the range 20-40 kJ kg-' removed water have been found. This is low in comparison with the energy consumption by evaporation (2442 kJ kg _ ' removed water). In addition, the filtrate shows much less turbidity when electroosmosis is practised.
